IMPORTANCE Estimated base rates of invalid performance on baseline testing (base rates of failure) for the management of sport-related concussion range from 6.1% to 40.0%, depending on the validity indicator used. The instability of this key measure represents a challenge in the clinical interpretation of test results that could undermine the utility of baseline testing.
I n the United States, it is estimated that between 1.1 million and 1.9 million sport-and recreation-related concussions occur annually in children aged 18 years or younger. 1 This statistic, when combined with concerns about microstructural damage in the white matter tracts 2 of the brain and the potential long-term effects of multiple concussions, 3 is leading to a focus on the management of concussion as a public health concern. The heterogeneity in clinical presentation and natural history, 4 with the absence of a reliable biomarker or other medical test to identify concussion, 5 forces examiners to diagnose concussion based on the clinical assessment of medical history, balance testing, neurocognitive functioning, and postconcussion symptoms.
In an attempt to improve the diagnostic accuracy of concussion, baseline neurocognitive testing was introduced in the 1980s to assess preinjury neurocognitive functioning against which postinjury functioning could be compared. 6 In contrast to the traditional methods of neuropsychological assessment in which the premorbid level of functioning is estimated and the test results are compared with normative data, baseline testing was implemented to reduce the inherent error in estimating premorbid functioning. Theoretically, this practice increases the validity of decision making because individuals serve as their own healthy controls. 7 However, the utility of baseline testing compared with the use of normative data in postinjury evaluations has long been debated. 8, 9 The most recent Consensus Statement on Concussion in Sport 4 concluded that baseline testing can be useful in the management of concussion, but there is not enough evidence to suggest that baseline testing should be mandatory. During the past decade, computerized neurocognitive testing has largely replaced traditional paper-and-pencil methods and has become widespread at all levels of sport 10 because of the ease of administration and scoring, which allows for the baseline testing of groups and reduces barriers for use by a wider range of health care professionals. 11 This expansion of the user base supports the need for monitoring the validity of assessment practices. Computerized baseline testing has the potential to contribute to this goal. However, computeradministered evaluations also introduce new concerns about the validity of the data they produce. Performance validity is defined as the extent to which testtaking behavior provides an accurate reflection of the underlying cognitive ability that the instrument was designed to measure. Performance validity tests are objective measures designed to identify response sets that are unlikely to accurately reflect the true ability of the test taker. Valid performance is a basic assumption of neuropsychological testing, and it is necessary to arrive at valid and useful clinical decision making. 12 Noncredible responding in neurologically intact populations can be attributed to inattentiveness, poor task comprehension, lack of incentive to perform well, or incentive to perform poorly. The influence of these factors varies as a function of age, with children and adolescents more likely to have invalid performance associated with inattentiveness, poor task comprehension, and a lack of appreciation for the importance of performing their best, 13, 14 whereas adults have been shown to also be influenced by external incentives. [15] [16] [17] [18] The base rate of failure (BRF), also known as the base rate of invalid performance, varies as a function of metric, population, and situational variables. Although there is limited research on the BRF during baseline testing, a systematic review by Gaudet 
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Although children and adolescents typically pass performance validity tests designed for and normed on adults, elevated BRF in young examinees are commonly reported in the pediatric population and are typically attributed to the stage of cognitive development. 13 The BRF for children in clinical settings is highly variable, ranging from 0% to 70% (weighted mean, 15.5%). 13 Within studies, young children tend to have higher BRF, 25, 26 prompting some researchers to suggest that examinees younger than 10 years should be exempt from performance validity testing. 27 Other studies found a more complex association between age and BRF that was mediated by the combined choice of performance validity tests and the cutoff used. 25, 26, 28 Associations with age have also been found in athletes, with younger athletes (aged 10-12 years) having higher BRF on baseline testing than older athletes (aged 13-18 years). 
Key Points
Questions What is the prevalence of invalid neurocognitive performance at baseline in the management of sport-related concussion and does it vary by age and validity indicator?
Findings In this cross-sectional study of 7897 participants who completed baseline neurocognitive testing for the management of sport-related concussion, 56% failed at least 1 of 4 published validity indicators. Base rates of failure varied considerably across age groups from 84% in those aged 10 years to 29% in those aged 21 years.
Meaning Base rates of failure were surprisingly high overall, suggesting a need for a critical examination of performance validity assessment practices on baseline testing in concussion management programs.
The combination of the experimental and observational evidence suggests that true BRFs could be as high as 40% in high school and collegiate athletes and even higher in younger athletes. Group-based computerized testing may be associated with a higher BRF compared with 1-on-1 evaluations because of the lack of close monitoring of test-taking behavior; 31 however, other factors, such as adherence to standardized administration and the quality of supervision, may be better predictors of BRF than group size. 32 The lack of consensus regarding the most appropriate EVI for determining the validity of ImPACT scores, in combination with wide discrepancies in BRFs across samples, indicators, and research designs, necessitates a direct comparison of the available EVIs in a naturalistic setting. The present study was designed to compare the 4 existing ImPACT-based EVIs across age groups in a large sample of athletes undergoing baseline testing. The impulse control composite is a measure of the total number of errors made on the interference phase of X's and O's as well as errors made on the color match task. c Reaction time composite score is comprised of the average of the following:
(1) average correct reaction time of interference stage of Xs and Os, (2) symbol match average correct reaction time visible/3, and (3) color match average correct reaction time. d The verbal memory composite score represents the average performance on (1) word memory total percent correct, (2) symbol match total correct hidden/9 multiplied by 100, and (3) 3 letters, percent total letters correct.
e The visual memory composite score is comprised of the average of (1) design memory, total percent correct, and (2) Xs and Os (total correct memory)/12 multiplied by 100. f Visual motor speed composite score is comprised of the average of (1) total number correct/4 during interference of Xs and Os, and (2) average counted correctly multiplied by 3 from countdown phase of 3 Letters. g Number of correctly identified distractor items.
h Number of correctly identified incorrect distractor items.
i Hits + correct distractors/24 multiplied by 100. j These indicators were not included in the calculation of the overall BRF; they were included in the LRE cutoff. Indicators are displayed to assist with interpretation of the LRE results. k Delay hits + correct distractor delay items. The default ImPACT EVI was expected to produce a BRF comparable to the 6.1% reported by Gaudet and Weyandt, 19 and the ImPACT Red Flags EVI was expected to have a BRF between 20% and 30%, as reported in previous studies. 23, 33 Based on previous reports, we predicted that the BRF would be the highest for the EVIs introduced by Schatz and Glatts 16 and
Higgins et al. 30 However, the paucity of research on these 2 EVIs in naturalistic settings precluded a more specific prediction. We hypothesized that the BRF on all 4 EVIs would vary across age group, producing a higher BRF in younger athletes partially because of the reliance on raw scores uncorrected for developmental changes in the underlying cognitive ability. We also predicted that BRFs would be elevated as athletes became more acculturated to playing at the more competitive levels of sport, such as the collegiate level, when the incentive to underperform would be greatest. Figure) . The age with the highest cumulative BRF was the 10-year-old group at 83.6% (117 of 140 participants), whereas the 21-year-old group had the lowest at 29.2% (14 of 48 participants) (RR, 2.86; 95% CI, 2.60-3.16; P < .001) ( Table 1) . Table 2 provides ImPACT mean raw composite scores and percentiles by age.
Methods
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the clinical utility of postinjury ImPACT data for making returnto-play decisions for athletes. However, given the reports of high and fluctuating BRFs across validity indicators and cutoffs, the validity of baseline data has become a source of concern. To empirically evaluate the legitimacy of this concern and to characterize it across development, we compared the BRF on the 4 previously published EVIs for the ImPACT. As expected for the EVIs, the BRF on the default ImPACT EVI was the lowest at 6.4%, comparable with the 6.1% rate found by Gaudet and Weyandt. 19 The Consistent with our prediction, the youngest athletes (aged 10-11 years) had the highest BRF across all 4 EVIs. Age and invalid performance had a strong negative association; older athletes were less likely to fail EVIs. However, contrary to our prediction, the collegiate age groups did not show an increase in BRF, with the isolated exception of the 19-year-old group. The BRF continued to decrease across ages 20 and 21.
Although the literature on performance validity at baseline focuses largely on deliberate suppression of performance (ie, "sandbagging") in high school and collegiate athletes, invalid performance is multifactorial and includes age-related fluctuations in attention and comprehension characteristic to the stage of cognitive development 13 as well as varying ability to appreciate the importance of demonstrating one's true ability level during cognitive testing. The very young athletes are most likely to be negatively affected by such confounding variables, which could explain the high BRF. It must be noted that these factors are likely to be independent of the conscious downward manipulation of test scores. 27, 28 Nevertheless, these confounding factors place examinees at higher cumulative risk of failing EVIs, particularly given that EVIs are distributed throughout the test battery as opposed to free-standing performance validity tests, which typically assess validity at discrete points in time. The BRFs varied considerably across different EVIs. The default ImPACT EVI and ImPACT Red Flags rely on some of the same subtest scores but use different cutoffs, with default ImPACT EVI based on 2 SDs and ImPACT Red Flags based on 1.5 SDs below the mean. On the other hand, the 2 newest EVIs were calibrated empirically using experimental malingering paradigms in high school athletes and nonathlete college students. Although research suggests that performance validity tests designed for adults can be applied to children, 13 the downward extension of adult cutoffs may violate important trajectories in cognitive development and increase the likelihood of false-positive errors in younger age groups. Experimental malingering studies are at risk for overfitting their detection model to an atypical (ie, artificially exaggerated) manifestation of invalid responding. Namely, they were calibrated to detect the most egregious forms of invalid responding in examinees who had little incentive to avoid detection, limiting its generalizability to real-life situations with potentially substantial (perceived) reward for successful malingering. 24 This suggests that (1) these EVIs may not apply to athletes below the high school level and (2) the current BRF in the collegiate athletes, and possibly the high school athletes, may be underestimated, as these EVIs may not detect more subtle or sophisticated forms of noncredible responding. The age association may partly be an artifact of norming practices within the ImPACT. Specifically, given the strong age associations on BRF, the use of wide age bands in the normative sample puts the youngest child within an age band at higher risk to fail the EVIs compared with the oldest child within the same age band. Consistent with this explanation, the greatest changes in the slope of BRF occur at the ages of 12 and 18 years, which mark the upper limit of their age band. Further evidence of this explanation comes from the pattern of percentile scores (intended to measure relative standing in terms of cognitive ability) across ImPACT scales represented in Table 2 , showing a consistent pattern of lower percentile scores for the 10-and 11-year-old groups. These youngest examinees are statistically at higher risk of failing 1 of the EVIs, suggesting that the relative contribution of ability and testtaking effort cannot be separated at the low end of the age distribution. The particularly high BRF for the 10-and 11-yearolds may be resolved by the recent publication of the ImPACT Pediatric, 39 which is intended for children aged 5 to 11 years.
However, this hypothesis is yet to be tested empirically. The association between age and BRF may reflect a cohort effect between the current sample and the cohort for which the normative data were gathered, which was more than 17 years ago.
In the absence of data on independent, well-established performance validity tests, the true meaning of EVI failures and the unusually high BRF in the youngest athletes is ultimately unknown. At the descriptive level, the age and instrumentation artifacts (ie, varying BRF as a function of examinee age and EVI cutoff) are compelling and warrant follow-up investigations. Although the very high BRFs in 10-to 12-year-old children presents a serious challenge in clinical interpretation and demands a sensible explanation, the available evidence precludes any definitive conclusion. Both extremes must be considered: the BRFs could represent either false-positive errors (ie, undeveloped cognitive skills that were mistaken for invalid responding by validity cutoffs designed for adults) or true-positives (ie, most young athletes produce invalid data). Future research should examine this issue. To the extent that the high BRFs represents falsepositives, existing ImPACT EVIs should be recalibrated by applying more conservative cutoffs for failure to account for developmental factors. If the high BRFs represent true-positives, that would render the majority of baseline data meaningless, calling into question the utility of the practice in this age group.
These findings have several practical implications. The high BRF in the youngest athletes and the unexpectedly lower BRF in collegiate-age athletes necessitates differential age-specific approaches to the management of concussion. Given that more than 4 of 5 children aged 10 years fail EVIs, the clinical interpretation and utility of baseline testing in this age range is highly questionable. Until the high BRF in young children is better understood, this group could be exempt from groupadministered, computerized baseline testing. This finding raises concerns about the validity of postinjury test results in young children, suggesting that their postinjury data should be interpreted with caution. Baseline assessment of athletes aged 13 to 18 years should include procedures aimed at reducing BRF, such as strictly adhering to standardized administration practices with specific consideration to extra-test factors that may increase the BRF (limiting group size, close supervision, and minimizing distractions during testing). For the collegiate-age athletes, determinations about the validity of the baseline test scores should make use of the cumulative EVI because of the potential insensitivity of individual cutoffs in this age group.
Limitations
Providing BRF as a function of age helps clinicians contextualize the performance of athletes under their care. Knowing how common a given EVI failure is can guide diagnostic decision making because BRF foreshadows classification accuracy. 40 However, the high overall BRF signals a potential confound in the measurement model. In the absence of objective, well-validated criterion measures, the degree to which the high BRF reflects false-positive errors or truly invalid response sets has yet to be determined. The standard practice of validating performance validity tests through comparison with other, well-established performance validity tests as part of a neuropsychological test battery, administered in the traditional one-on-one fashion, is warranted. This approach has the potential to isolate situational artifacts within the ImPACT (computerized group administration of a battery designed for a specific purpose). Depending on the findings, EVIs may need to be recalibrated to account for the association of examinee age and assessment context. These recommendations, combined with the complex nature of the clinical diagnosis of concussion, highlight the necessity of concussion programs to include members who have advanced knowledge of psychometric testing and performance validity assessment in addition to knowledge of management of concussion.
Conclusions
Results converge on a number of conclusions: (1) the high BRF, particularly for younger athletes, poses significant concerns regarding the validity of the baseline ImPACT data; (2) the factors that may contribute to invalid performance vary by age, suggesting that adopting age-appropriate test administration strategies (ie, item content and test instructions that match the examinee's stage of cognitive development, individual administration, improved supervision, and strict adherence to standardized administration) may lower BRF; and (3) clinicians should routinely consider performance validity, as measured by all 4 EVIs, as well as the age-specific BRF when making return-to-play decisions based on postinjury evaluations.
